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Abstract
Advanced catalytic technologies are crucial to enable the transition towards a low-carbon 
industry with minimised CO2 emissions. This paper showcases the application of highly effective 
Ru-promoted Ni-based catalysts for gas-phase CO2 upgrading: CO2-methanation and reverse 
water-gas shift. The addition of small amounts of Ru results in a remarkable enhancement of 
CO2 conversion and selectivity. The bimetallic Ru-Ni catalyst displays greater metallic dispersion 
and tuned electronic properties that benefit the CO2 conversion. Furthermore, the Ru-Ni catalyst 
displays outstanding stability for long term runs – a mandatory requisite for its implementation 
in actual CO2 conversion units. The singularity of our advanced catalyst lays on its capacity to 
work effectively for both the CO2 methanation and the reverse water-gas shift, allowing end-
product flexibility by adjusting the reactor temperature. Such versatility opens a big range of 
possibilities to adapt this technology in heavy carbon industries whose net CO2 emissions 
represent a big share in the global greenhouse gases emissions.
Keywords: Switchable catalysts, CO2 recycling, RWGS, methanation, RuNi catalyst
Introduction
Climate change is a major issue facing the world today, and how the world tackles this 
phenomenon will have a significant effect on society. It is known that climate change is rapidly 
accelerated with the continuous release of carbon dioxide (CO2) into the atmosphere.1 
Therefore, it is vital that the release of CO2 is prevented wherever feasible. CO2 utilisation is a 
very attractive solution to this problem, as it prevents the release of this detrimental greenhouse 
gas, while also converting the CO2 into useful fuels and chemicals and, as a result, addressing 
the issue of resource depletion as well. Conventional carbon capture techniques, such as carbon 
capture and storage (CCS), tackle the emission problem to an extend but does not provide a 
sustainable solution to the climate crisis.2 There are various methods for utilising CO2, however 
this paper will focus on the conversion of CO2 to synthetic natural gas (SNG) and carbon 
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monoxide (CO) via the methanation of CO2 reaction (Eq. (1)) and the reverse water-gas shift 
(rWGS) reaction (Eq. (2)), respectively. 
CO2 + 4H2 ⇋ CH4 + 2H2O, ΔHᵒ298K = – 165.0 kJ/mol (1)
CO2 + H2 ⇋ CO + H2O, ΔHᵒ298K = + 41.0 kJ/mol (2)
Burning natural gas is considered relatively clean when compared to burning other fossil 
fuels, due to the relatively reduced CO2 emissions.3 Natural gas also has excellent operational 
flexibility, allowing it to be paired with renewable energy sources to achieve the electricity 
demand at peak times.4 The rWGS reaction is usually used as a starting point for many industrial 
applications, conventionally being used in conjunction with the Fischer-Tropsch (FT) process to 
produce hydrocarbon fuels.5 Both natural gas and CO are also used extensively in the steel 
industry. The natural gas is used in the furnace for scrap melting6 and CO is used to reduce the 
metal ores.7 The steel industry also currently produces an alarming amount of CO2 – over 2 
billion tonnes per year. Therefore, CO2 valorisation deserves further investigation to potentially 
solve this global crisis.
Since the methanation of CO2 is exothermic and the rWGS reaction is endothermic, the 
product selectivity obtained can be altered depending on the reaction temperature set, 
according to Le Chatelier’s principle. This is extremely beneficial to certain industrial applications 
that require both natural gas and CO for their processes, as an increase of the reaction 
temperature will produce more CO and a decrease of  temperature will produce more natural 
gas, meaning the product composition may be controlled depending on which component is in 
higher demand. 
Indeed, there are also several competing reactions that may occur with the reactants and 
products from the methanation of CO2 and the rWGS reaction,2 resulting in a lower product 
selectivity than desired.
CO2 + 2H2 ⇋ C + 2H2O, ΔHᵒ298K = + 90.1 kJ/mol (3)
CO2 + CH4 ⇋ 2CO + 2H2, ΔHᵒ298K = + 247.3 kJ/mol (4)
With both of these reactions being endothermic, they only become prominent at higher 
temperatures, meaning that they only compete with the RWGS reaction, which is also 
conducted at high temperatures. Even then, the CH4 dry reforming reaction (Eq. (4)) produces 
CO as a product, which is the desired product when conducting the rWGS reaction, meaning that 
this reaction is not directly competing with it. The Bosch reaction (Eq. (3)) however, is directly 
competing with the RWGS reaction, as it is taking the CO2 reactant and producing solid carbon 
as a waste product. 
Fig. 1 summarises the idea of integrating the methanation and rWGS processes with heavy 
CO2-producing processes which are used in many industries. Assuming that renewable hydrogen 
or any other source of hydrogen on the plant is present, CO2 methanation and the rWGS reaction 
are viable routes to prevent the release of CO2 produced and to recycle the products from these 
reactions to manufacture further useful products, while reducing the carbon tax leading to an 
increased profitability. Along with the obvious economic advantages, the approach schematised 
in Fig. 1 also represents a step ahead towards more sustainable industrial processes. 
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Fig. 1 Simplified schematic of the methanation and rWGS processes integrated with heavy 
CO2-producing industries.
Due to the high stability of CO2 molecules, catalysts need to be employed for both the 
methanation of CO2 and the rWGS reaction to enhance reaction kinetics. Commonly, Ni-based 
catalysts are utilised for both reactions,2,8-11 due to the high catalytic activity and low cost of Ni. 
In addition, various supports have also been used in conjunction with Ni for both reactions, 
including CeO212-15, ZrO216,17, TiO218,19, SiO220,21 and Al2O35,8,22-24. CeO2 is an exceptional choice as 
support for CO2 valorisation catalysts, due to the ability of CeO2 to vary the oxygen concentration 
without changing phase, resulting in a large amount of oxygen vacancies required for the 
reactions.12 ZrO2 is another excellent choice of support because of its acid/base features and 
CO2 adsorption capabilities.2 Combining CeO2 and ZrO2 to formulate a ceria-zirconia solid 
solution Ce0.5Zr0.5O2 (CeZr) support, enhances the performance of the support, as beneficial 
properties from both CeO2 and ZrO2 may be obtained. CeZr solid solution has been intensively 
developed as automotive exhaust catalysts. It possesses advanced redox properties, excellent 
thermal stability, and resistance to sintering.25 Specifically, the insertion of ZrO2 into the cubic 
lattice of CeO2 increases thermal stability while the distortion of the O2- sublattice allows higher 
oxygen mobility. Redox properties are therefore no longer confined in the surface but extended 
to the bulk.26 In fact, oxygen bulk diffusion is approximately two orders of magnitude higher for 
ceria–zirconia than for ceria.27
Noble metals such as Pt, Rh, and Ru have been successfully used in hydrogenation reactions 
and display CO2 conversions close to equilibrium. Their coking resistance is superior to transition 
metals, but their high cost and low availability constitute a remarkable limitation. Ru is the most 
economical noble metal and benefits from a large number of oxidation states that exhibit high 
electron transfer, which is highly valuable for CO2 hydrogeneration. Promoting Ni with Ru allows 
a compromise on cost while benefiting from a synergistic relationship between different 
metals.15 Pairing Ni with Ru led to an increased Ni dispersion in a study from Crisafulli et al.28 and 
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enhanced nickel reducibility in a study from Valdes-Martinez et al.29, which may be related to 
hydrogen dissociation on Ru0 and a spillover effect.
Fe-based catalysts are heavily used in commercial high temperature WGS process and hence, 
are of interest for the rWGS reaction. Their activity is related with the easy formation of the 
Fe3+↔Fe2+ redox couple. Ru-Fe bimetallic catalysts were found to be very active towards rWGS; 
in particular, Fe addition improved CO selectivity at high temperature, benefiting from the 
synergistic effect between the Ru and Fe metals.15 Yang et al.8 attributed the higher 
activity/selectivity of a Ni-Fe catalyst to an electronic enrichment of the Ni surface atoms due to 
the FeOx-Ni interaction. The higher electronic density of the NiFe catalyst facilitates CO2 
adsorption, which is the rate-limiting step of rWGS. In addition, FeOx enhanced Ni dispersion on 
the surface, which also helps to deliver higher activity in the reactions.
The addition of iron to a Ni-alumina catalyst was reported to significantly improve the activity 
for the methanation of CO2 as well, compared to other transition metals.30 The rates of CO2 
conversion and methane formed were also significantly enhanced by the substitution of 10 and 
25% of Ni with Fe in Ni-Fe system, due to the formation of a NiFe alloy.31
However, no investigations have yet been performed which compare Ni supported on CeZr 
catalysts promoted with Fe and Ru as potential catalysts for both the methanation of CO2 and 
the rWGS reactions. Following this, a series of Ni supported on Ce0.5Zr0.5O2 catalysts have been 
prepared and promoted with Fe and Ru. These catalysts were prepared to test their 
performance with respect to both the methanation of CO2 and the rWGS reactions. Herein, the 
spirit of this work is to find a switchable catalyst that is highly effective for both reactions, which 
may constitute a realistic solution towards the decarbonisation of the heavy carbon industry.
Experimental
Catalyst Synthesis
The materials were prepared by sequential wet impregnation. First, the necessary amount of 
Ni(NO3)2·6H2O (Merck) was dissolved in ethanol and  added to a commercial CeZr support 
(Daiichi Kigenso Kagaku Kogyo Co.) to obtain 15 wt.% Ni. The resulting solution was evaporated 
under reduced pressure and dried overnight at 80 °C. Following this, the material was calcined 
for three hours at 500 °C. 
Sequentially, promoters were added following the same method, using Fe(NO3)3·9H2O 
(Merck) and a Ru(NO)(NO3)x·(OH)y solution (Alfa Aesar). Overall, four catalysts were 
synthetized: a monometallic Ni/CeZr, two bimetallic FeNi/CeZr and RuNi/CeZr containing 1 wt.% 
of promoter and a trimetallic RuFeNi/CeZr containing 0.5 wt.% of each promoter.
Catalyst Characterisation
X-Ray diffraction (XRD) analysis was performed on the fresh, reduced and spent catalyst 
samples using an X’Pert Powder instrument from PANalytical. The diffraction patterns were 
recorded over a 2θ range of 10-80°. A step size and time step of 0.05° and 240 s were used 
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respectively. The diffraction patterns were recorded at 30 mA and 40 kV, using Cu Kα radiation 
(λ = 0.154 nm). The average crystallite size was then calculated using the Scherrer equation. 
H2-TPR experiments were carried out in a continuous fixed bed quartz reactor using a 10% 
H2/Ar gas stream flowing at 50 mL min-1. 50 mg of each catalyst were loaded into the reactor 
and the gas stream was passed through, while heating the catalyst up to 900 °C from room 
temperature, using a temperature ramp of 10 °C min-1. The hydrogen consumption was then 
observed using an on-line mass spectrometer (Pfeiffer, OmniStar GSD 301). 
The textural properties of each catalyst were obtained using nitrogen adsorption-desorption 
isotherms associated with a Micrometrics Tristar 22 instrument at -196 °C. Before the 
measurements were taken, each sample was degassed at 250 °C under vacuum for 4 hours. The 
specific surface area of the samples was then calculated using the Brunauer-Emmett-Teller (BET) 
method and the pore volume and pore size distribution were evaluated using the Barrett-Joyner-
Halenda (BJH) method. 
Raman spectroscopy was conducted using a Thermo Scientific DXR Raman Microscope 
utilising a green laser (λ = 532 nm, maximum power 10 mW), which has a spot diameter of 0.7 
μm and a pinhole aperture of 50 μm. Additionally, a diffraction grating of 900 grooves mm-1 was 
used, along with a CCD detector and a 50x objective.
X-Ray photoelectron spectroscopy (XPS) analyses were performed with a 
VGMicrotechMultilab 3000 spectrometer equipped with a hemispherical electron analyser and 
a Mg-Kα(h = 1253.6 eV; 1 eV = 1.6302·10-19 J) 300-W X-ray source. The powder samples were 
pressed into small Inox cylinders. Before recording the spectra, the samples were maintained in 
the analysis chamber until a residual pressure of ca. 5·10−7 N m-2 was reached. The spectra were 
collected at a pass energy of 50 eV. The intensities were estimated by calculating the integral of 
each peak, after subtracting the S-shaped background, and by fitting the experimental curve to 
a combination of Lorentzian (30 %) and Gaussian (70 %) lines. The binding energy (BE) of the C 
1s peak at 284.9 eV was taken as an internal standard. The accuracy of the BE values is ± 0.2 eV. 
The samples were reduced ex-situ at the reaction temperature (850 °C), and conserved in octane 
before the analysis
Catalytic Behaviour
For the catalytic analysis, each catalyst was placed inside a vertical fixed bed quartz reactor. 
The product stream was analysed using an ABB AO2020 Advanced Optima Process Gas Analyser.
Prior to any catalytic measurements, 250 mg of catalyst were reduced in situ at 850 °C for 
one hour in a 10% H2/N2 stream with a total flow rate of 100 mL min-1. Post reduction, 
temperature screening experiment was conducted for each sample. The reactants were held at 
a constant weight hourly space velocity (WHSV) of 24000 mL g-1 h-1 with a H2/CO2 ratio of 4:1. 
The reaction temperature was varied from 200 °C to 850 °C, moving in 50 °C intervals, with each 
reaction temperature being held for 20 minutes. The carbon balance was closed within 5% error 
for each test.
Each stability test was conducted for a total of 100 hours, changing the reaction temperature 
every 24 hours between 350 °C (methanation temperature) and 700 °C (rWGS temperature). 
Page 5 of 20
ACS Paragon Plus Environment





























































The catalytic activity was investigated using CO2 conversion (Eq. (5)), CH4 selectivity (Eq. (6)) and 
CO selectivity (Eq. (7)).
CO2 conversion (%) = ([CO2]in – [CO2]out)/([CO2]in) × 100 (5)
CH4 selectivity (%) = ([CH4]out)/([CO2]in – [CO2]out) × 100 (6)
CO selectivity (%) = ([CO]out)/([CO2]in – [CO2]out) × 100 (7)
where [CO2]in is the initial concentration of CO2 in the reactant mixture and [CO2]out, [CH4]out and 
[CO]out are the outlet concentrations in the product stream of CO2, CH4 and CO respectively. 
The thermodynamic equilibrium for CO2 conversion was established across the entire 
temperature range to give a better understanding of the experimental results. The equilibrium 
CO2 conversion was obtained using ChemStations’ ChemCad software, utilising a Gibbs reactor. 
The Soave-Redlich-Kwong equation of state was used for the simulation and the feed material 
flows were implemented to mimic the material flows that are intended for experimentation. 




The XRD patterns for each calcined sample are shown in Fig. S1. Each sample shows 
diffraction peaks at 2θ = 37.2°, 43.3° and 62.9°, which correspond to the NiO fcc phase (JCPDS 
00-047-1049), while also containing peaks at 2θ = 29.2°, 34.0°, 48.9°, 58.0° and 60.8°, which all 
correspond to a single tetragonal crystal structure of Ce0.5Zr0.5O2 (JCPDS 00-038-1436). No peaks 
related to RuOx or FexOy were observed due to the very small quantities in the samples. 
Additional information may be extracted from the XRD patterns of the reduced samples 
shown in Fig. S2. The XRD patterns show the reduction of the NiO to Ni0 with the appearance of 
peaks at 2θ = 44.4° and 51.7°, characteristic of metallic Ni (JCPDS 04-0850). NiO is still present 
in all reduced samples, as can be seen in the XPS section, although it is not evident in the XRD 
profiles. The crystallite size of the Ni particles was evaluated using the Scherrer equation and 
results are presented in Table 1. Overall, the addition of promoters decreases the Ni crystallite 
size and hence improves Ni dispersion.8,28 In particular, RuNi/CeZr presents the smallest Ni 
particles, in good agreement with the enhanced activity performance of this catalyst, later 
discussed.
Table 1. Textural properties of all samples and CeZr support.
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Diameter (nm) D Ni (nm)
CeZr 42 0.15 13.1 -
Ni/CeZr 36 0.13 13.9 45.7
FeNi/CeZr 36 0.13 13.1 38.5
RuNi/CeZr 40 0.16 12.4 33.6
RuFeNi/CeZr 32 0.11 12.6 41.9
H2-TPR
In hydrogenation reactions, such as the methanation of CO2 and the rWGS reaction, redox 
properties are very relevant. H2-TPR measurements were performed to determine the 
reducibility of each catalyst. The profiles of each sample are shown in Fig. 2.






















Fig. 2 H2-TPR profiles for each catalyst.
The CeZr support presents the typical large reduction peak at 570 °C of ceria-zirconia-based 
oxides corresponding to the reduction of Ce4+ to Ce3+. In comparison with the metal supported 
catalysts, the hydrogen consumption of the support was negligible, and the normalised profiles 
are shown for better visibility. The monometallic Ni/CeZr sample presents two reduction 
processes. The first event occurring at 370 °C is due to the reduction of Ni2+ to Ni0, whereas the 
second event at 400 °C is attributed to the reduction of the surface oxygen in Ce0.5Zr0.5O2 and 
Ni2+ strongly interacting with CeZr support.25,32 The introduction of Fe in the formulation led to 
a more homogeneous reduction zone at 386 °C where FexOy, NiO and Ce0.5Zr0.5O2 oxygen species 
are jointly reduced.2 Usually Fe-based catalysts present two reduction zones (or a broader band 
at higher temperatures), which can be attributed to the reduction of the iron oxides occurring 
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over two separate stages. The presence of only one reduction zone is indicative of the high Ni-
Fe-Support interaction.
The addition of Ru, on the other hand, introduced two reduction processes. The peak at 130 
°C is due to the reduction of Ru4+ to metallic Ru, and the peak at 265 °C could be related to the 
reduction of Ni-Ru and Ni-Ce species.29 Additionally, in Ru-containing samples, the reduction 
peak of NiO shifted towards lower temperatures indicating that the Ni reducibility was enhanced 
due to the presence of Ru. Hydrogen adsorbs dissociatively on Ru and H atoms spillover to the 
near NiO, enabling its reduction. This also indicates that Ru is in intimate contact with NiO.29,33 
Finally, the TPR profile of the trimetallic catalyst is very similar to RuNi/CeZr, while presenting a 
small peak at 380 °C associated with the reduction of FexOy species.34
Textural Properties
The textural properties of each catalyst sample and the CeZr support are shown in Table 1, 
and the corresponding isotherms are presented in Fig. S3. The textural properties of the catalysts 
are governed by the CeZr support. All materials show type IV isotherms with their corresponding 
H4-type hysteresis loop at relatively high pressures, which indicates that each sample and the 
support is of a mesoporous nature, according to the IUPAC classification. This can be confirmed 
by the results shown for the textural properties in Table 1. 
The specific surface areas, as well as the total pore volume of the catalysts, slightly decrease 
with the impregnation of metals on the support. This is due to the metal covering the pores of 
the CeZr support. 
XPS
In contrast, while XRD is a bulk technique in which we could only see the major crystalline 
species of Ni (metallic in the reduced samples) and the support, XPS is able to measure elements 
from the topmost layers of 3-5 nm thick slabs of the surface species, which is essential to discern 
the chemical status of our Ru and Fe promoters and Ni active species.
The Ni 2p3/2 spectrum of all reduced samples can be observed in Fig. 3. In order to reproduce 
as far as possible the catalysts status before the reaction runs, the samples were pre-reduced 
850 °C before the XPS analysis. The spectra show that only a part of Ni was in the metallic state 
(band around 851-853 eV) and different nickel species (bands around at 854 and 856 eV are 
ascribed to Ni2+) co-exist in the reduced catalysts, as it can be seen in the complex Ni 2p3/2 spectra 
(Fig. 3). 
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Fig. 3 XPS spectra of Ni 2p3/2 region for all reduced samples.
Table 2 Binding energies of the Ni 2p3/2, Fe 2p3/2 and Ru 3p3/2 levels for the reduced catalysts 
and Ni/Support and Ni0/Nitotal atomic ratios.
For the Fe-, Ru- and FeRu-promoted samples, a slight shift towards lower Ni B.E. values was 
obtained (see Table 2). This indicates that Fe and Ru appear to enhance Ni reducibility, thus 
favouring metallic nickel formation, as corroborated by the Ni0/Nitotal ratio present in Table 2. 
The presence of Fe as a promoter (and the formation of additional oxygen vacancies) 
improves the reduction of NiO as well as slightly enhances the Ni dispersion, as can be deduced 
from the Ni/support ratio increase. 
The latter fact is more notorious for the Ru-Ni bimetallic catalyst, in which the nickel 
dispersion is remarkably boosted by the Ru promoter. This high dispersion was also maintained 
Ni 2p3/2 Fe2p3/2 Ru 3p3/2Catalysts

















-- 711.7 715.0 461.1 -- 0.218 0.362
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in the Ru-Fe-Ni sample. In addition, in this sample, the increasing Ni reducibility was even more 
notorious due to the presence of both Fe and Ru promoters. 
For a better understanding about the different interactions between metals, Ru 3p3/2 and Fe 
2p3/2 binding energies are also reported in Table 2. In the bimetallic catalysts, RuNi/CeZr and 
FeNi/CeZr, both metal and oxide states are present in the XPS of Ru and Fe promoters. 
Nevertheless, for the trimetallic catalyst, RuFeNi/CeZr, the presence of Fe improved both Ni and 
Ru reduction, as it has been discussed already, showing only one Ru peak at 461.07 eV ascribed 
to metallic Ru.35
In summary from the characterisation results, our catalysts are complex samples with 
metallic Ni as dominant active phase, showing different levels of electronic interactions with the 
promoters, Ru and Fe. The redox and the electronic properties of our multicomponent catalysts 
are linked to the metal-support and metal-promoter interactions, which can influence the 
catalytic behaviour. All of them show similar textural properties, and the bimetallic Ni-Ru system 
displays the smallest Ni particle size and then the greatest Ni dispersion
Catalyst Performance
Temperature Screening
The catalysts performance in terms of CO2 conversion as a function of temperature are 
shown in Fig. 4 whereas product selectivities are shown in Fig. 5. The promoters’ effect on the 
catalytic activity is very clear. Although at temperatures above 700 °C, all catalysts reach 
equilibrium conversion and no effect are noticeable, great differences can be witnessed at lower 
temperatures. Below 700 °C, the addition of Fe to the Ni/CeZr catalyst inhibits the CO2 
conversion. However, the Fe-promoted sample show higher selectivity towards CO over the 
entire temperature range. According to DFT simulations, Fe alone and Fe-containing bimetallic 
particles have the lowest activation energy for CO2 dissociation, and are therefore most 
favoured to dissociate CO2 to CO and O.36 The presence of Fe oxides decreases the affinity of the 
surface for CO, leading to CO desorption instead of subsequent methanation.34























Fig. 4 CO2 conversion for all catalysts as a function of temperature.
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The addition of Ru, however, greatly improves the CO2 conversion of the catalyst, especially 
in the methanation region from 300 to 450 °C since ruthenium is more effective in H2 
dissociation/adsorption than nickel, which is another fundamental step of reaction 
mechanism.37 Additionally, the Ru bimetallic catalyst is highly selective towards CH4 at low 
temperature. When both Fe and Ru are added to the Ni/CeZr catalyst, the opposite effects of 
each promoter are combined. The trimetallic catalyst shows greater conversion than the 
unpromoted catalyst due to the Ru promoting effect, yet lesser than the Ru bimetallic catalyst 
due Fe inhibiting effect. In terms of selectivity, Fe enhanced CO selectivity at low temperatures. 
The catalysts performance rank in the following order for both methanation and rWGS reaction: 
RuNi/CeZr > Ni/CeZr > RuFeNi/CeZr > FeNi/CeZr.
Based on the temperature screening experiments, it was deemed that the RuNi/CeZr catalyst 
overall showed the best results, especially when the combination of both reactions is envisaged 
as the main target. This result is in good agreement with the characterisation analysis. Indeed, 
the RuNi catalyst presents the lowest particle size. The promoting effect of Ru increased the 
reducibility of Ni and improved its dispersion as confirmed by TPR and XPS.
Fig. 5 a) CH4 selectivity and b) CO selectivity of all catalysts with respect to temperature 
Performance of our catalyst was compared to similar compositions from the literature, which 
are presented in Table 3. Overall, in rWGS conditions, the RuNi/CeZr and FeNi/CeZr catalysts 
reached equilibrium conversion and range within the highest selectivities.  However in 
methanation conditions, our catalysts present moderate conversions compared to other Ni 
based catalyst, although presenting equivalent selectivity towards methane when promoted 
with Ru. In contrast, none of the catalysts cited were tested for both reaction conditions 
showcasing the originality of our versatile catalysts.
Table 3 Catalytic performance comparison with Fe, Ni and Ru based catalysts reported in 
literature.










Fe/CeO2-Al2O3 30000 700 4/1 69 100 38
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FeMo/CeO2-Al2O3 30000 700 4/1 54 100
FeNi/CeO2-Al2O3 30000 700 4/1 73 95
Fe/ γ-Al2O3 12500 700 4/1 70 100 5
FeCu/ γ-Al2O3 12500 700 4/1 72 100
FeCs/ γ-Al2O3 12500 700 4/1 70 100
Ni/ γ-Al2O3 30000 700 4/1 56 85 8
Ni/CeO2-Al2O3 30000 700 4/1 68 92
NiFe/CeO2-Al2O3 30000 700 4/1 72 92
NiCr/CeO2-Al2O3 30000 700 4/1 60 75
RuNi/CeZr 24000 700 4/1 72 91 This work
FeNi/CeZr 24000 700 4/1 71 91 This work
Ni/CeZr 12500 350 4/1 79 85 2
NiFe/CeZr 12500 350 4/1 68 78
NiCo/CeZr 12500 350 4/1 86 93
Ni/CeO2 10,000 h−1 350 4/1 87 100 39
Ni/MgO 10,000 h−1 350 4/1 28 100
Ni/TiO2 10,000 h−1 350 4/1 30 100
Ni/α-Al2O3 10,000 h−1 350 4/1 58 97
1%Ru/ γ-Al2O3 10,000 h−1 350 5/1 30 - 37
4%Ru/γ-Al2O3 10,000 h−1 350 5/1 81 99
15%Ni/γ-Al2O3 10,000 h−1 350 5/1 63 -
12%Ni/γ-Al2O3 10,000 h−1 350 5/1 58 98
RuNi/CeZr 24000 350 4/1 53 93 This work
FeNi/CeZr 24000 350 4/1 13 60 This work
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Conducting a stability test is essential before any considerations can be made to upscale the 
catalyst for realistic applications. A stable catalyst is economically crucial since it guaranties the 
quality of the products as well as reduced maintenance operational costs. Therefore, the most 
performant catalyst, RuNi/CeZr, was submitted to a time dependent stability test of 100 hours. 
The stability test was conducted over four 24 hours cycles at different temperatures. The 
temperature was switched from 350 °C to 700 °C to mimic a change in operating conditions 
between a methanation process and a rWGS unit. The effect of starting temperature was studied 
as well as the ability of the catalyst to recover its performance after a change of cycle.
Fig. 6 Stability test for the RuNi/CeZr catalyst, varying temperature between 350 °C and 700 
°C, starting with a) the methanation cycle and b) the RWGS cycle. Product selectivity is 
represented as column, black for CO and red for CH4.
The conversion of CO2 and associated products selectivity recorded during both stability tests 
can be viewed in Fig. 6. The results clearly show the catalyst is extremely stable, maintaining a 
CO2 conversion of around 55% in the methanation zone, while maintaining a CO2 conversion of 
around 75% in the rWGS zone. It appears that the time on stream did not affect the performance 
of the catalyst, since the conversion is steady, however the change in cycle did influence the 
catalyst activity and selectivity. The change in cycle did not affect the rWGS activity since the 
catalyst was able to recover its 75% CO2 conversion in both tests. However, a slight decrease in 
CO selectivity can be witness after the second rWGS cycle. On the other hand, the activity of the 
catalyst for methanation is affected by the high temperature cycles. The CO2 conversion during 
methanation in Fig. 6b, is 5% lower when preceded by a rWGS cycle. The rWGS cycles are 
performed above the Tammann temperature of Ni, while the methanation cycles are taking 
place, below. Hence the rWGS cycle is not affected by the methanation cycle but some metallic 
sintering may occur due to the rWGS cycles affecting the performance of the catalyst at low 
temperature. Indeed, as shown in Fig. 7, the XRD patterns of the post-stability samples 
corroborate the sintering phenomenon to some extent. More specifically, the crystallite size was 
estimated at 36.1 nm for the first stability test and 37.7 nm for the second, against 33.6 nm 
before reaction.
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Along with sintering, carbon deposition is a major culprit in heterogeneous catalysis resulting in 
catalysts deactivation. Raman spectroscopy (spectrum showed in Fig. S4) was conducted to 
assess any potential solid carbon formation. The Raman spectra show the typical modes 
associated with tetragonal Ce0.5Zr0.5O2 solid solution.40 Typical D band and G band of carbon 
occur at 1350 cm-1 and 1585 cm-1, and none of them can be seen on the obtained Raman spectra. 
Therefore, no deactivation due to carbon deposition occurred on the catalyst during the stability 
test. This is in fact in fair agreement with the excellent stability displayed by our bimetallic Ru-
Ni catalysts, which can be considered a highly effective and versatile system for gas phase CO2 
upgrading.
Fig. 7 XRD patterns of the RuNi/CeZr catalyst post reduction and post stability test.
Conclusions
Heterogeneous catalysis will play a major role in the transition towards a low carbon society, 
and this work represents a successful example of how advanced catalysts can impact the 
reduction of CO2 emissions. Herein, we have developed very effective catalysts for chemical CO2 
recycling via rWGS and CO2-methanation – both gas phase processes which can be implemented 
to minimise greenhouse gas emissions in heavy carbon industries. Our catalysts are based on 
Fe- and Ru-promoted Ni supported on CeZr oxide. In particular, the bimetallic Ru-Ni catalyst is 
an excellent system for both reactions.
The addition of Ru enhances Ni reducibility and leads to greater Ni dispersion on the catalyst 
surface, thus promoting the catalytic performance. Furthermore, the intrinsic activity of Ru for 
CO2 hydrogenations helps to improve the overall activity/selectivity. Along with its high CO2 
conversion capacity and outstanding selectivity, the catalyst is very stable for long term 
operations – an indispensable requisite for realistic applications. Its robustness is attributed to 
the suppression of solid carbon formation, which is a major culprit for benchmark catalysts 
typically used in these reactions. 
The uniqueness of our material relies on its versatility to be used in both CO2-methanation 
and rWGS. In other words, we have developed a flexible catalyst which delivers synthetic natural 
gas or carbon monoxide by simply adjusting the reactor temperature. Such a switchable material 
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opens many opportunities for major CO2 emitters such as refineries, steel and cement making 
plants where both CO and CH4 are useful chemicals and CO2 emissions are a major problem. 
Although up scaling of these materials and their testing under realistic industrial environment is 
beyond the scope of this paper, the findings presenting here represent a step-ahead to enable 
the urgently needed industrial decarbonisation.
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A dual catalyst is reported to upgrade CO2 emissions to synthetic natural gas and syngas.
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